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Spectroscopy of silicon dioxide films grown under negative corona stress
Silicon dioxide films were grown in oxygen ambient under negative corona stress at low temperatures ͑400-450°C͒. Fourier transform infrared spectra of these films show a peak at 935 cm Ϫ1 along with the conventional transverse optic mode peaks around 1074, 800, and 456 cm
Ϫ1
. A broad shoulder at 1150 cm Ϫ1 was also observed. The extra peak is attributed to the presence of SiO 4 2Ϫ ions and could be the outcome of incomplete oxidation at the surface. The films indicated properties similar to a fully relaxed thermally grown silicon dioxide film with a contradictory nature. The results of these experiments can be comprehensively explained only by assuming the presence of some mixed phase of SiO 2 . © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1593222͔
I. INTRODUCTION
As the metal-oxide-semiconductor ͑MOS͒ device size shrinks to smaller dimensions, thinner SiO 2 films grown or deposited at lower temperatures assume increasing significance. The two major problems associated with high temperature processing: ͑1͒ dopant redistribution and ͑2͒ process induced defects, can be overcome at low temperatures. Consequently, no serious threat to the device parameters is encountered while reducing its size. Higher growth rate at lower temperatures can be achieved with low temperature oxidation methods such as plasma enhanced chemical vapor deposition ͑PECVD͒, 1 photo CVD, 2 remote plasma enhanced CVD, 3 electron cyclotron resonance ͑ECR͒, 4,5 and oxidation under a corona discharge. 6 Recently, chemical oxidation of silicon for growth of ultrathin oxides 7 has also been reported. Whereas deposited oxides have not been found to perform well as gate insulators in active devices, corona grown oxides are reported to have properties better or equivalent to that of thermal oxides. SiO 2 grown under a negative corona discharge has been found to have interface and oxide trap density comparable to that on a fully relaxed ͑grown at 1050°C͒ thermal oxide. Faster growth rate at lower temperatures can thus be achieved without making any compromise on oxide quality. 8, 9 Corona stress followed by anneal cycles also improve the oxide quality considerably in case of thermally grown oxides. Studies carried on thermal oxide which has undergone corona stress and anneal cycles show improved characteristics. 10, 11 These studies have further been extended to account for the corona stress effect on MOS capacitors. Results are found to be almost similar. 12, 13 Recent study of the vibrational spectra of thermal and corona grown or corona processed thermal oxides show that these films have properties close to those of untreated thermal oxides but have a different structure compared to that of standard thermal SiO 2 .
14 Our present investigations add some more dimensions to the existing knowledge of the structure of corona grown oxides. We have studied the vibrational spectra of corona grown SiO 2 films employing fourier transform infrared ͑FTIR͒ spectroscopy technique. FTIR is the most powerful tool for identifying types of chemical bonds ͑functional groups͒ and compositional, stress and structural inhomogeneities of thin films at the micrometer scale. Our results differ from those reported earlier in this field. Some additional peaks are also observed. The transverse optic ͑TO͒ mode spectra of corona grown oxide shows the conventional stretching, bending and rocking mode bands. We suggest that the new peak is due to the presence of SiO 4 2Ϫ ions at the Si-SiO 2 interface. Physical properties of the films have been studied employing the central force model. 15 A comparison of the results has been made with the earlier investigations in this field.
II. EXPERIMENTAL PROCEDURE
Corona oxidation of silicon under negatively charged oxygen ion beam was accomplished with the help of a needle point to plane setup installed inside a stainless steel chamber. The point to plane distance was 0.5 cm. A nickel-plated stainless steel needle with some 30 m diameter served as the negative electrode. The whole system was grounded.
Corona discharge was initiated with the help of a dc power supply of Ϯ5 kV, 10 mA. Internal heating arrangement was provided for the grounded plane electrode. Temperature measurements of the base plate accommodating the silicon wafer were taken with a Pt-Pt/Rh thermocouple connected to a digital multimeter. The ion-beam current was measured with a separate digital multimeter having 0.1 A precision capability.
p-type ͑100͒ Si wafers with 4 -6 ⍀ cm resistivity were given the standard RCA clean prior to oxidation. The wafers were divided into two sets.
The first set of wafers was subjected to negative corona oxidation, one at a time for 90 min at 450°C in 100% O 2 . The second set of oxidation experiments was carried out at 400°C for 45 min in 100% O 2 . Ion beam current in all the The FTIR studies were carried out on the corona grown SiO 2 films in the TO mode. We concentrated on the FTIR spectra obtained on the central part of the film with peak oxide thickness. A Nicolet model 400 FTIR was used to measure the absorption spectra of the oxide films on the substrate at normal incidence. The absorbance of the substrate was subtracted to get the absorbance of the film. The same wafer was used for background correction.
III. RESULTS AND DISCUSSION
The FTIR spectra of the corona grown SiO 2 film (t ox ϭ66.7 nm) has been presented in Fig. 1 . The three main TO mode peaks ͑minimum transmittance͒, namely, stretching, bending, and rocking are clearly visible around 1074, 800, and 456 cm Ϫ1 , respectively. A sharp shoulder around 1150 cm Ϫ1 and a peak at 935 cm Ϫ1 are also present. The stretching mode band has found maximum importance in literature due to its direct application to calculate the various parameters such as Si-O bond angle, distance between two silicon atoms, and stress of the film, which in consequence is associated with stoichiometry. Therefore we have also focussed on this stretching mode band.
The main stretching mode band at 1074 cm Ϫ1 along with its associated shoulder at 1150 cm Ϫ1 are attributed to the in phase and out of phase motion of the oxygen atom. The ratio of the shoulder height versus the height of the peak absorption ͑R͒ is used to characterize the high frequency shoulder. The IR spectra of our films gave a value of R ranging from 0.24 to a value as low as 0.18 for our corona grown oxides. This value is much lower compared to that obtained in PECVD films in Ref. 3 and lower to that obtained on ECR deposited SiO 2 films. 4 The high frequency shoulder is often associated with stoichiometry of the film. As the oxide moves off xϭ2 in SiO xϭ2 , the shoulder becomes less sharp and merges with the main stretching absorption band. The presence of a sharp shoulder in our corona grown SiO 2 films indicates x very near to 2. However when we moved to thicker oxides, this shoulder was not as sharp but could be clearly distinguished from the main peak. One such spectra with the lowest value of Rϭ0.18 is presented in Fig. 2 (t ox ϭ122.6 nm) . The main stretching band has moved to 1080 cm Ϫ1 with almost no shift in the position of the shoulder, which is at 1150 cm Ϫ1 . The value of full width at half maximum ͑FWHM͒ was calculated to be 78 and 80 cm Ϫ1 for these two films. These values are comparable to those obtained by Landheer et al.
14 on their corona grown films. They observed that the value of FWHM increased as one moved away from the center to the boundary showing that central portion is less relaxed compared to the outer region which was in disagreement with their other observations and lead them to propose a different structure for corona grown oxides. As we did not check the spectra at these regions, no clear comparison can be made. A value of FWHM equal to 85 cm Ϫ1 has been reported for fully relaxed thermal oxide grown at 1050°C.
Martinet and Devine 16 have shown that a substantial part of the shoulder observed in the TO mode spectrum may be due to the geometrical effects resulting from multiple reflections in thin films.
The amplitude of the stretching mode absorption band is considered to be indicative of surface density of silicon oxy- gen bonds. The surface density of Si-O bonds increases as the peak shifts towards higher wave no. It is true for our corona grown films also.
However, Fitch et al. 17 have shown that for thermal oxides grown at increasing temperatures, FWHM decreases as frequency increases. They have attributed this to the decreasing stress in the film as the growth temperature is increased. This is in clear contradiction to our results and also reported by others in our field. We obtained an increase in the FWHM with frequency for corona grown SiO 2 . The somewhat higher temperature ͑Ϸ450°C͒ doesn't account for this change as the corona current was a flickering one. This result can only be explained assuming a different structure for our corona grown oxides.
Employing the central force model
For fully relaxed thermal oxides ϭ1078.5 cm Ϫ1 with ϭ72.35°, where is half the Si-O-Si bond angle and 0 has been determined empirically to be 1134 cm Ϫ1 . Substituting for the experimentally observed values of for our corona grown SiO 2 films gives the value of ϭ71.3°and 72.3°͑ Fig. 2͒ . Thus the variation is too small to account for and the films could be taken as fully relaxed.
Fitch et al. 3 have shown that the Si-Si distance can be correlated to the local atomic strain in the SiO 2 network which is proportional to the compressive stress in the film, so that as the frequency of the band approaches thermal oxide ͑ϭ1078.5 cm Ϫ1 ͒ value, the stress decreases.
where r 0 is the Si-O bond length. Substituting for r 0 ͑ϭ1.60 Å for standard thermally grown oxide͒, we obtain a value of dϭ3.03 Å and for thicker oxides 3.046 Å with little variations. The local atomic strain in the SiO 2 network can also be derived from IR stretching frequencies
where 1 is the stretching frequency of the completely relaxed SiO 2 film and 2 is that of the experimental film which is supposed to be under compressive stress. The calculated strain for our films falls inbetween 0.4% and 0.14%. Since stress is proportional to strain through an elastic modulus, a strain of this order infers to a very small compressive stress in the films. The extra peak at 935 cm Ϫ1 might correspond to the presence of SiO 4 2Ϫ ions. 18 With increase in oxide thickness this peak shifts towards lower wave number. Though different parameters related to stoichiometry and correlated with the main peak indicate that oxide is fully relaxed one, we are inclined to think that some mixed phase of SiO 2 also exists which should be taken into account. The peak could be an outcome of some incomplete oxidation at the interface as the corona current was a flickering one at the oxidation temperature of interest. The oxidizing species under a corona discharge has been established to be an O Ϫ ion. 19 Therefore possibility of formation of SiO 4 2Ϫ ions always exists. A few more experiments may be needed to confirm the exact nature of this peak.
IV. CONCLUSIONS
SiO 2 films grown under a negative corona discharge have been studied with the help of FTIR spectroscopy. Results thus obtained cannot be fully explained without assuming the presence of some mixed oxide phase. The films show properties similar to a fully relaxed thermally grown SiO 2 films with a contradictory nature leading one to think of a different structure. The new peak at 935 cm Ϫ1 could be attributed to the presence of SiO 4 2Ϫ ions. The origin and exact nature of this peak is yet to be fully understood and can lead to some definite conclusions regarding the structural difference in corona grown SiO 2 films.
